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Abstract 
Hydrogen bonding is an essential interaction in natural and artificial systems. Its strength can be modulated by employing process 
known as Electrochemically Controlled Hydrogen bonding (ECHB). Although these processes are assumed to operate under 
thermodynamic control no experimental evidence for kinetic control exists. In this work, ECHB processes where studied using 
electrogenerated radical anions from 5-nitroimidazole derivatives as receptor molecules and 1,3-diethylurea as hydrogen bond 
donor species. Results revealed that kinetic control occurs due to an increase in the internal reorganization energy of the receptor 
molecule, which cause a decrease in electron transfer rate. Electronic structure calculations and experimental Kb values suggested 
that kinetic limitations were the product of a competition between intra and intermolecular hydrogen bonding formation during 
the global process. 
© 2014 The Authors. Published by Elsevier B.V. 
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1. Introduction 
Hydrogen bonding is a fundamental interaction that occurs in a wide variety of natural systems. For example, it 
defines the protein structures and it is also a key element in formation of DNA.1, 2 Because of its directional 
character, hydrogen bonding is one of the most important and useful intermolecular interaction available for the 
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construction of molecular devices3,4, with specific applications 5-7, such as molecular machines7, 8, and sensors9, 10. 
Hydrogen bonding is a mainly electrostatic interaction; therefore the degree of affinity of the reactive species to form 
hydrogen bonds can be enhance (or diminish) by using electron transfer (ET) reactions to change the redox state of 
the species.4, 11 Regarding this, several authors have demonstrated the effectiveness of the cyclic voltammetry to 
produce such redox disturbances,4, 12-14 by using processes known as Electrochemically Controlled Hydrogen 
Bonding (ECHB),4, 12 in which a switching molecule experiment changes in its reduction (or oxidation) potential 
towards less negative (or more positive) values, respectively, insofar as hydrogen bonding donor species (DH) are 
added. Below are represented the reactions occurring during ECHB.15,  
 
Fig. 1. Representation of the reactions occurring during ECHB. The three dots denote the bond 
 
As is shown above, hydrogen bond (•••) may be form after reduction of the receptor molecule (R), or when it is in 
its neutral state (O). In the first possibility the strength of the bond is measure by the binding constant, Kbanion= 
kDH…R/kDH/R, and in the second one employing Kbneutral= kDH…O/kDH/O. Another possibility is the evolution of the 
concerted pathway, following the diagonal arrow in the Scheme. Regardless of .the mechanistic route, the overall 
rate of the reactions is determined by that of the slowest step, which could be the ET (determined by the values of 
the standard rate constants ksO/R or ksDH…O/DH…R, or the association reactions (Kbneutral or Kbanion). ECHB can be used 
for different applications, for example, to design building blocks for supramolecular ensembles3,4 and also helps as 
an experimental system to analyze these specific interactions in compounds with biological significance.16 That is 
why these processes have been extensively studied: many authors by using nitrocompounds4, 12, 14 and quinones13 as 
receptor and ureas4, 12, 14 and alcohols13 as DH have assumed ET reactions very fast and concluded which ECHB 
occurs under thermodynamic control. However, kinetic control cannot be ruled out, because slow ET processes are 
known to be dependent on the modifications occurring in the structures of the states O and R (Scheme 1), as referred 
by Marcus and Hush model.17-19 This would be particularly important for compounds with high biological activity, 
such as derivatives of 5-nitroimidazole,20, 21 where ECHB could act as regulator of their activity due to modification 
of redox potential of the electro-active nitro function. In this work, evidence for kinetic limitations in ECHB 
employing 5-nitroimidazole derivatives is presented. Results are discussed in terms of the chemical structure of the 
receptor molecules. 
 
Nomenclature 
Ru Uncompensated Resistance, ȍ 
E0 Standard potential, V 
Epa/c Anodic/cathodic peak potential, V 
ECHB    Electrochemically Controlled Hydrogen Bonding 
ET Electron transfer 
O, R       Receptor molecule in its neutral state and in its reduce form 
DH         Hydrogen bond donor species 
•••          Hydrogen Bond 
Kb               Binding constant  
ks           Electron transfer constant  
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2. Experimental and theoretical section 
2.1. Chemicals 
Electrochemical studies were carried out using 0.001 mol L-1 solutions of different 5-nitro-imidazole derivatives 
(Aldrich A.R grade, all employed without further purification, Scheme 2), dissolved in acetonitrile (ACROS 
Organics extra dry over molecular sieve); these solutions contained 0.1 mol L-1 tetrabutylamonium 
hexafluorophosphate (n-BU4NPF6, FLUKA, dried at 105 °C) as the supporting electrolyte. All the solutions were 
maintained under an inert atmosphere by saturation with high-purity nitrogen (Praxair grade 5.0) at room 
temperature (approx. 20 °C). 0.5 mol L-1 1,3-diethylurea solutions were prepared in 0.1 mol L-1 n-Bu4NPF6/CH3CN 
with 0.001 mol L-1 of the corresponding substituted-nitrobenzenes to avoid dilution during titration experiments. 
 
Compound R1 R2 
Dimetridazole (1) CH3 CH3 
Metronidazole (2) CH2CH2OH CH3 
Fig 2. Structures of the 5-nitroimidazole derivatives studied 
2.2. Instrumentation 
Cyclic voltammetry experiments were performed using an AUTOLAB PGSTAT 302N potentiostat/galvanostat 
interfaced with a personal computer, with a 0.1 V s-1 scan rate and applying IR drop compensation with Ru values 
determined from positive feedback measurements (Ru = 550 Ohms). A glassy carbon disk electrode (0.008 cm2) was 
used as working electrode; the surface was polished with 0.05 ȝm diamond powder (Buehler), and rinsed 
successively with acetone and acetonitrile before each voltammetric run. A non-aqueous commercial reference 
electrode Ag/0.01 mol L-1 AgNO3 + 0.1 mol L-1n-Bu4NClO4 in acetonitrile (BAS) and a platinum wire, were used as 
the reference and auxiliary electrodes respectively. Potential values obtained are referred to the 
ferrocene/ferricinium (Fc/Fc+) couple. 
2.3. Theoretical section 
Geometry optimization and frequency calculations of the neutral and radical anions structures of Metronidazole 2
neutral and anion radicals were carried out with the program Gaussian 09 Revision B.01 (21), using the approach of 
the Density Functional Theory. BHandHLYP functional was employed as referred in the Gaussian Manual22 with a 
6-311++G(2d,2p) basis set. Optimized structures were obtained considering the solvent effect by the Truhlar 
model.23, 24 Frequency analysis for the minimum energy structures were performed after full geometry optimizations, 
revealing the absence of negative frequencies, thus indicating that the structures are minimum energy conformers. 
 
3. Results and discussion 
Voltammograms obtained for solutions of 1 and 2 in the presence of increasing concentrations of 1,3-diethylurea 
as DH are presented in Fig. 3.  
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Fig.3. Voltammograms of 0.001 mol L-1(1) Dimetridazole and (2) Metronidazole in CH3CN/0.1 mol L-1 n-Bu4NPF6, v = 100 mV s-1, WE: GC 
(0.0079 cm2), with different concentrations of 1,3-diethylurea (DH): gray line, [DH] = 0 mol L-1; black line, [DH] = 0.13 mol L-1. Arrow shows 
the variations upon increasing amounts of DH. 
For compound 1, results showed a typical reversible voltammetric behavior for ECHB processes controlled by 
the thermodynamics, in which the wave quickly shifts towards less negative potential values when the amount of 
DH is increased, considering as a first step the formation of the radical anion, x
2
NOR I , which eventually 
binds with DH. In systems like these, Kb values can be obtained employing the following Equation:13 
   [DH]) K+(1((RT/F))ln+E=E b
0
1/2   (1) 
However, for Metronidazole(2) things were different: with increasing DH concentration the cathodic peak began 
moving with magnitudes lower than expected, the anodic signal started to broaden and decreased in current 
intensity. This experimental effect is similar to one proposed by Saveant for ion pairing processes,26 in cases where 
ET processes become rate determining and under these conditions Equation 1 can´t be employed to obtain Kb 
values. Therefore voltammetric simulations were carried out considering different values of ksO/Rand working curves 
were elaborated by analyzing the variations of peak potential as a function of both the dimensionless binding 
parameter Kb[DH],25, 26 and with the dimensionless ET parameter ߉଴, as is suggested by Saveant.26 
FvD
RTk ROs
/
0  /   (2) 
The fits obtained for compounds are presented below 
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Fig. 4. Experimental variations of the dimensionless cathodic peak potential, ȟp = F/RT (Epc-E0), for (1) Dimetridazole and (2) Metronidazole as a 
function of the kinetic parameter KB[DH], for different potential scan rates: (O) 0.1 and ( ) 10 V s-1. Lines represent simulated variations for 
different values of ߉଴: Solid black line = 7.94; dot and dashed line = 3.16eV; dashed line = 1.59. 
As shown in Figure 4, small amounts of DH produce no significant effects on the thermodynamics of the 
systems. However, upon increasing DH concentration, the system began to shift from equilibrium. By comparing 
the graphics of the two molecules, important kinetic differences were observed; furthermore, such effects increase 
upon decreasing the time window of the experiment (i.e. at higher scan rates). Based upon this strategy, Kb and ksO/R 
were obtained and compiled in Table 1. Also, ksO/R values were validated performing experiments in the absence of 
DH and increasing the scan rate, following the procedure suggested by reference.27 Kb was evaluated employing 
Equation 1 for all cases. 
Table 1. Experimental data obtained for the electrochemical analysis of studied 5-nitro-imidazole derivatives 
Compound E0 * 
݇௦
ைȀோ / cm s-1 Kb x 10
-2 
I   II  † III ¹ IV   
1 -1.64 0.20 0.39 2.12 ± 0.20 1.35 
2 -1.54 0.11 0.12 0.60 ± 0.03 0.61 
*: in V vs Fc/Fc+; Symbols are associated to the method employed for obtaining the value: ( ) ߦܲ ൌ ݂ሺ ݒሻ; ( ) ߦܲ ൌ ݂ሺ ܭܤሾܦܪሿሻ; (¹) 
ܧଵȀଶ ൌ ܧ଴ ൅ ൫ೃ೅ಷ ൯݈݊ሺͳ ൅ ܭ஻ሾܦܪሿሻ. Maximum value obtained at10 Vs
-1; 0.1 Vs-1 
Results obtained by two independent strategies are consistent and revealed for compound 1 ECHB is controlled 
by the kinetics of electron transfer. Furthermore, the decrease in the ET rate is associated with an increase in the 
internal reorganization energy (ߣ௜ ൎ ͲǤͶͷ) of the receptor molecule with respect to the total reorganization energy 
(ߣ௧ ൎ ͳǤͳ), due to the formation of intramolecular hydrogen bond, as is suggested by the conformation analysis 
performed for compound 2, employing electronic structure calculations.25 
It is reasonable to consider this event, because its occurrence should limit the formation of the complexes during 
ECHB, which is consistent with the experimental results (Table 1), as the compound with this stabilizing character 
(2) exhibited the lowest Kb value, upon comparison with compound 1, and this was related also with a low capacity 
of the receptor to bind with DH, due to intra and intermolecular hydrogen bond completion, similarly to what 
happen in some hydroxy-1,4-naphtoquinone derivatives upon were employing as receptors for alcohols.28 This type 
of kinetic control has been considered important for photonic stimulation29 but is scarcely considered in electron 
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transfer induced molecular switching. Also, it has been considered that kinetic effects determine the differences in 
reactivity of radical anions of nitroimidazoles in DNA damage.30 
Conclusions 
Electrochemically Controlled Hydrogen Bonding (ECHB) processes were studied in acetonitrile, employing 
electrogenerated radical anions from 5-nitroimidazole derivatives as receptor molecules and 13,-dietilurea as 
hydrogen bond donor species. Results revealed that electron transfer kinetics could determine the overall rate of 
association, due to conformational changes in molecular structure of the systems, which cause intra and 
intermolecular hydrogen bond competition during ECHB. 
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